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Abstract. Lumbar intervertebral joints play an important role in the etiology of low- 
hack pain. An understanding of its mechanical response is essential both from the 
point of its normal function as well 88 injury prognosis. Since purely experimental 
investigations cannot provide complete information, mathematical models to supplement 
experimental records are necessary. In this study a finite element model of a lumbar 
intervertebral segment is developed to analyze the stress distributions and strain 
energy absorbing capacities. 
Experiments were conducted to obtain the geometry and load-deflection data. The non- 
linear sigmoidal load-deflection behavior was divided into five distinct phases based 
on the variation of stiffness, defined by the instantaneous slope of the load- 
deflection diagram. The threshold of trauma was defined at the point at which the 
structure exhibited softening characteristics (this corresponds with the first drop of 
stiffness). Load at this level was termed as the micro failure or softening load. At 
the point of ultimate load, the specimen had zero stiffness. 
The non-linear axisymmetric (geometrical and material) model incorporated the cartils- 
genious and cortical bone, the endplates, and the disc. The nucleus pulposus was 
modeled using isoparametric quadrilateral fluid elements. The model was validated 
with experimental axial load-deflection data. To exercise the model, homogeneous, 
isotropic. and loading path independent material parameters were used for all the 
components of the spinal segment with the exception of the annulus. The Young ’ 8 
modulus of annulus was estimated as a function of load level using the method of 
steepest descent. The disc absorbed about 84% of the total strain energy in the 
initial loading phase (ambient range), and at the threshold of failure, it gradually 
decreased to about 65%. The bony elements absorbed about 15% at the threshold. The 
nucleus pressure increased to about 1lMPa at the threshold of trauma. 
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INTRODUCTION 
The purpose of the study presented in thin paper 
includes: a) Development of 8 finite element 
model of a lumbar spinal segment taking into 
account the nucleus and annulus of the disc, the 
cartilaginous and cortical portions of the 
vertebral body, and the vertebral and 
cartilaginous endplates, b) Validation of the 
mathematical model with companion experimental 
load-deformation data, c) Estimation of the non- 
linear material properties of the intervertebral 
disc using the method of steepest descent, and d) 
prediction of stress-strain distributions in the 
components of the structure. The results are 
expected to shed light in the understanding of 
the biomechanical behavior of the lumbar spine; 
the region most prone to low-back pain. 
There exists enough pathoanatomical and bio- 
mechanical evidence to show that intervertebral 
disc, a major load transmitting element in the 
spinal column is often injured (White end Gordon, 
1982). Congenital factors and mechanical stress 
are the two principal causes for its degeneration 
affecting its ability to transmit the external 
force (insult). Therefore, investigations have 
been conducted on human and primate specimens to 
understand mechanisms of load transfer and other 
related structural characteristics (Sances et al, 
1984). The load-deflection (axial and lateral) 
behavior,. and nucleus pressures have been 
measured in cadaveric specimens. In vitro -- 
studies have also been conducted recording the 
intradiscal pressures and electromyographic (EMG) 
signals under various postures and load lifting 
operations. Although these experimental 
investigations has been successful in recording 
certain biomechanical and pathoenatomical 
characteristics, it is not always possible to 
measure certain other injury related parameters. 
For example, a knowledge of stress and strain, 
strain energy distributions in the intervertebral 
unit, and material constants may be helpful to .a 
proper understanding of the mechanical cauaeo of 
low-back pain. Technical difficulties preclude 
direct measurements of these and hence 
mathematical models may have to be advanced. 
Literature data 
A number of analytical models simulating the 
entire spine (intact or macro models) or a segment 
of the spine (micro models) have been developed. 
Due to the asymmetry, inhomogeneity, anisotropy 
and non-linearity of the spinal column, the finite 
element method seems to be the only practically 
feasible technique for analysis. The reader is 
referred to reviews of such studies (Yoganandan et 
al, 1985). 
Earlier investigations have focused on the 
prediction of stress-strain distributions, 
estimation of material constants based on the 
linear finite element method (Belytschko et al, 
1974; Lin et al, 1978; Liu et al, 1975; Spilker, 
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1980; Yoganandan at al, 1985). In addition, 
these studies have analyzed the mechanics of the 
spine when it is subjected to low levels of axial 
loads. Further, in certain instances, all the 
components of the intervertebral joint have “ot 
been included. Therefore, it is considered 
necessary construct and exercise a more realistic 
model of the intervertebral segment taking into 
account the geometrical and material variations 
in the structure. The model will be subjected to 
injury producing load levels. Such a” 
experimentally validated model will aid in a 
better analyses of the human spinal column 
behavior. 
In what follows, a brief description of the 
anatomy, experimental data, finite element 
modeling technique, and results, is presented. 
Biomechanically Pertinent Spinal Anatomy 
The human spinal column is a composite structure 
consisting of 24 rigid vertebrae interconnected 
by deformable intervertebral discs which accounts 
for over l/3 of the column height. The mechanism 
of external force (such as in occupational and 
athletic activities, pilot ejection) transfer 
takes place primarily through this vertebra-disc- 
vertebra medium. During this process, depending 
on the nature and magnitude of the insult, the 
spine can be injured. That is, certain portions 
of the spinal column may reach its limiting load 
carrying capacity resulting in tear of the 
annulus fibers or damage to the bony elements. 
The intervertebral disc consists peripherally of 
the annulus fibrosus and centrally of the soft 
gelatinous nucleus pulposus. The disc is capped 
at the superior and inferior portions by a thin 
cartilaginous endplate. The vertebral body is 
comprised of a centrally soft cancellous bone 
surrounded by a relatively thin rigid cortical 
shell. It is connected to the intervertebral 
disc through rigid vertebral body endplates. 
The geometrical dimensions of the vert’ebral 
bodies and intervertebral discs generally show 
a” increasing trend from the cervical (neck) to 
the lumbar (low back) area. Detailed descrip- 
tions are available (Sances at al, 1984; Yemada, 
1973). 
METHOD 
Experimental Data 
To obtain the geometrical measurements and load- 
deflection data for exercising the finite element 
model, fresh human male cadaveric thoracolumbar 
functional units (vertebra-disc-vertebra 
structures) were employed. The superior and 
inferior vertebrae were firmly embedded in poly 
methylmethacrylate and tested according to 
established techniques. The specimen was loaded 
in axial compressive mode until it reached its 
ultimate capacity. Applied load and the 
resulting specimen deflections were recordedon a 
digital oscilloscope as a function of time. By 
eliminating the time variable, the loed- 
deflection (P-6) characteristics were obtained. 
The instantaneous stiffness Ki of the functional 
unit defined by @Pi/a&i) was also computed. The 
ultimate load carrying (Pu) was defined as the 
point on the load-deflection curve corresponding 
to zero stiffness. 
Load-deflection Behavior 
Figure 1 sho& a typical load-deflection (solid 
lines) and stiffness-deflection (dashed lines) 
behavior. The (P-6) response is non-linear and 
sigmoidal, as typical of any other biological 
material. The stiffness of the functional unit 
changes continuously during the entire loading 
process (region OE). Initially the stiffness 
gradually increases with the increase in insult 
and corresponding increase in deflection. This 
represented by the region OA (Figure 1). Region 
AB represents a gradual increase of K at a rate 
higher than the rate of increase observed in the 
region OA. After the functional unit has reached 
a certain mechanical state of strain, internal 
rearrangement of the structure results in a region 
of fairly constant resistance, depicted by the 
portion BC. Beyond this stage, softening 
tendencies of the structure results in a gradual 
drop of K up to the point D. The point D 
corresponds to the point of aero stiffness; the 
ultimate load carrying capacity of the structure. 
Any further increase of insult results in a 
negative stiffness beyond this stags. 
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FIG. 1. Solid line represents the load-deflection 
and dashed line represents the stiffness- 
deflection characteristics. 
Based on the above analysis, the mechanical 
response of the spinal unit can be categorized as 
follows. Point 0 corresponds to the initial 
stress free (unloaded) state, point A to the 
ambient or preloaded state, point B to a state 
where the spine is able to withstand the exterrurl 
insult with relatively less’deformation, implying 
low flexibility and point C denotes the initiation 
of softening behavior. Point D correspondsto tha 
limit state of the structure. Beyond this, the 
structure as a” integral entity fails to resist 
any load increase, and damage is evident. These 
states OA, AB, BC, CD and DE are schematically 
shown as regions I-V in Figure 2. Region 1 
represents the ambient phase, Regions II and III 
the physiologic loading plhase, Region IV the 
traumatic loading phase and finally, Region V the 
post-traumatic phase in the intervertebral 
+eSpO”SS. 
Identification of Injury 
The limit state of the structure (P,) occurs at 
the point D. It is proposed that at the point C 
where the softening characteristics of the 
structure becomes evident, microfailures in the 
intervertebral joint initiates. Load at this 
level is termed as softening or microfailure load 
(Ps). 
FINITE ELEMENT MODEL 
Description 
The model employed midsagittal symmetry by 
idealizing the Ll-L2 functional unit as a three- 
dimensional structure that is rotationally 
symmetric about its central axis. It included 
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the cortical shell, cartilaginous and bony 
endplates, cancellous bone, nucleus pulposus and 
annulus fibrosus of the disc. Posterior elements 
and ligaments were precluded in the study. The 
two adjacent vertebral bodies and the deformable 
intervertebral disc were assumed to be symmetric 
about their horizontal center plane. 
0' 
FIG. 2. Ranges of loading in the mechanical 
response of the spinal segment. 
Element Details and Formulation 
The model was constructed using four noded 
isoparametric quadrilateral displacement field 
axisymmetric elements. The nucleus was simulated 
using four noded fluid elements. Stated in 
brief, the following details pertain to the 
element stiffness formulation. 
If (u) denotes the vector of displacements at any 
point within the element, 
(d) denotes the nodal displacements, 
[N] denotes the interpolation function, 
[B] denotes the strain-displacement 
connectivity matrix, 
[C] denotes the stress-strain or the 
elasticity matrix, 
[K], denotes the element stiffness matrix, 
t(J) and <E) denotes the stress and strain 
tensors, then, 
the displacement equations: (u) = [N](d) 
strain-displacement relation: {E) = (B](d) 
stress-strain (constitutive law: 
<u) = [C](E), or (a) = [C][B](d). 
and finally, the element stiffness matrix: 
IKI, = ( [B]TIC]IB]dv 
The individual element stiffness matrices are 
suitably assembled to form the global structure 
stiffness matrix. 
IK] = L[K], (1) 
all e 
The principal difference for the fluid element 
formulation lies in the stress-strain 
connectivity matrix [C]. The ANSYS finite 
element code wa8 employed for the analysis. The 
formulation of the incompressible fluid elcmenta 
has been described (Desalvo and Swanson, 1983). 
To provide shear stability an arbitrarily small 
number = E x 10eg was introduced in the stresa- 
strain law. 
A total of 502 elements constituted the 990 
degree-of-freedom bilaterally symmetric 
functional unit, utilizing 180 fluid elements in 
the nucleus and 96 elements in the annulus. 
There were 145 elements in the vertebral body and 
81 elements in the endplates. Classical direct 
structural stiffness method of analysis was 
employed to solve the assembled finite element 
equations. The solution (matrix inversion) was 
obtained through the frontal technique. 
An important feature of this analysis is the 
incorporation of the geometrical and material non- 
linearities. The former was handled using 
incremental techniques and the latter was handled 
using the method of steepest descent. This is 
described in the following sections. 
Structural Data 
Geometry: The geometry of the structure was 
retrived from experimental measurements. The 
intervertebral disc height and the vertebral 
geometry was measured from radiographs, the 
endplate and nucleus boundary details were 
recovered at antopsy. Figure 3 and Table 1 
include the geometrical data and overall model 
dimensions. 
I VERTEBRA 
I Nucleus pulposus 
2 Cart8llagenous endplate 
3. Bony endplate 
4. Cancellout bone 
5. Annulus fibrows 
6. Corbcal shell 
FIG. 3. Mathematical model of the spinal segment 
TABLE 1. Overall Dimentions of the Model 
Description Dimensions (mm) 
Diameter: annulus 36.0 
Diameter: nucleus 24.0 
Height of the disc 10.80 
Height of vertebra 18.60 
Thickness: cortical shell 1.20 
Thickness: endplate 0.60 
Cancellous core thickness 33.60 
Material data: The experimental (P - 6) curve 
exhibits non-linear sigmoidal characteristics 
indicating the tangent modulus of elasticity 
defined by Et = %I ‘, (where ‘Ji = & and Ei - 6L. 
& A t’ 
CJ and E denoting the stresses and strains, P, A 
and L referring to the load, area and the disc 
height, with the vertebra assuming undeformable, 
and finally, the subscript i denoting the 
instantaneous values of the parameters) to 
continuously change during loading process. This 
suggests that the material property of the annulus 
is load dependent. Due to paucity of material 
data in literature, it was estimated as a function 
of load level. The first part of this 
investigation, therefore, focusses on the 
estimation of homogeneous and isotropic Young’s 
modulus of the annulus. The estimation was done 
by subjecting the model to loadings encountered by 
the specimen during the experiment and fitting the 
experimental (P - 6) curve to the model response. 
The method of steepest descent was followed for 
this purpose (Liu et al, 1975). Changes in the 
Poisson’s ratio (~1 has been shown to bear, if 
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any, little effect on the mechanical response. A 
constant value 0.40 was chosen for V. 
For the other components of the vertebra-disc- 
vertebra structure, homogeneous and isotropic 
material constants independent of the load level 
was used. The bulk modulus of the fluid element 
constituting the nucleus pulposus was assumed to 
be equal to that of water (2068N/m&. Table 2 
lists the material properties used. The load- 
deflection behavior of a piece of vertebral body 
remains fairly linear till fracture and 
therefore, the above linearity assumptions are 
valid. 
Boundary and loading condition data: Because of 
the presence of bilateral symmetry, only one 
quarter of the vertebra-disc-vertebra interphase 
was simulated. The model was restrained using 
symmetry boundary conditions at the mid height of 
the disc and at the mid section of the vertebral 
body in the sagittal plane. 
TABLE 2. Material Properties and the Number of 
Elements used in the Analysis 
E G Number of 
Description N/mm2 N/mm2 ” Elements 
Cortical bone 15800 6320 0.25 5 
Ca”cellous 73.500 29.4 0.25 140 
bone 
Cartillagenous 23.52 8.4 0.40 52 
endplate 
Bony endplate 15800 6320 0.40 29 
Annulus 
fibrosus 
Nucleus 
pulposus 
* * 0.40 96 
2068@ - 0.50 180 
Note: 
E: 
G: 
v: 
*: 
@: 
Young’s modulus of elasticity 
Rigidity modulus of elasticity 
Poisson’s ratio 
Non-linear properties estimated by matching 
the experimental response 
Bulk modulus of the nucleus fluid elements 
The axially loaded structure resulted in uniform 
compressive displacements of the superior 
vertebra with respect to the inferior vertebra. 
In the analysis, however, the model was exercised 
by applying uniform axial displacements at the 
top surface of the superior vertebral body. The 
resulting nodal reactions which correspond to the 
external force formed the output of the analysis. 
It was this load that was used for the validating 
model. The displacements specified to the model 
included from zero to failure deformations. 
ANALYSIS 
Material property estimation: Figure 2 shows the 
ambient (region I), physiological loading 
(regions II, III), traumatic (region IV) and post 
traumatic (region V) ranges in the (P - 6) 
behavior. The material co”eta”ts at these loads 
(up to maximum failure load P,) were estimated as 
follows. 
A schematic diagram of the steps indicating the 
procedure for the estimations are given in Finure 
4. 
1. 
The steps are described below.- 
ii. 
The experimental load-deflection behavior 
vae divided into four discrete intervals 
(i-1,4). 
From the initial geometry (Gi), with trial 
values of material constants (Mi), first in- 
cremental experimental deflection Adi 
corresponding to the first loading phase was 
applied to the structure. 
iii. The deviation of APT from APT was computed 
using the relation 
t 
AP; 
where, APT 
# 
1s the finite element model predicted 
reaction orce from step ii, APT is the 
corresponding experimentally meisured reaction 
force obtained from the (P - 6) diagram (Figure 
1). 
iv. 
V. 
vi. 
If d& 0.10, the trial values Of Mi of step 
ii were changed according to the method of 
steepest descent to yield the new values of 
AP:. This process was repeated till the 
deviation d was less than 0.10. 
With the sbgve condition satisfied, the 
geometry of the structure was updated for 
the next loading etep ae Gi+l’Gi+ Aui, where 
Aui denotes the finite element model 
predicted nodal displacements for the 
optimally matched Mi. 
The procedure outlined in steps ii-v was 
repeated with this new geometry Gi+l by 
applying successively the remaining three 
increments of deflection. 
FIG. 4. Schematic procedure for the estimation of 
material constants. 
Strain energy and nucleus pressures: At each load 
level, the incremental strain energy Ui, in each 
element was computed using the relation, 
Oi = f[ulTIK]e[u] (3) 
where [u] and [K] denote the displacement vector 
and the element stiffness matrix respectively. 
The results of the analysis included the strain 
energies in the annulus and the endplates of the 
vertebral body, the intrsdiscal pressure raise, 
and axial and principal compressive stresses in 
the endplate. 
RESULTS AND DISCUSSlON 
The structure softening or microfailure load (P, - 
7.5 KN) was found to be 80% of the ultimate 
failure load (P, = 9.3 KN). Cryo-microtome 
sections indicated the microruptures in the 
endplates of the superior vertebral body. Due to 
the pure axial compressive nature of the insult, 
they were concentrated at the central regions. 
Figure 5 shows the variations of the Young’s 
modulus (E) of the snnulus as a function of the 
applied load in the four regions (I-IV). In the 
ambient range, the E value is estimated 88 25 MPs. 
With increasing loed, the collagenous fibers of 
the annulus responding to the axial compressive 
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load with a tensile state of stress, shows an 
increasing tendency in the stiffening behavior 
for an incompressible nucleus. This stiffness 
gradually rises and after a certain stage, it 
becomes fairly constant (physiologic Loading 
range). This results in s E value of 50 hi’s at.- 
the 2000 N load level and s value of 240 MPs for 
the region of constant stiffness. In the 
traumatic range a value of 90 ML’S wss estimated. 
This E value is applicable up to P”, the ultimate 
Load. The analysis was not carried out in the 
post traumatic range because of the Loss of 
integrity of the structure and post failure 
analysis may not lead to any fruitful 
conclusions. 
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FIG. 5. Estimated material constents of the 
SnnULUs. Solid corresponds to the Losd- 
deflection diagram and the bars represent the 
Young’s modulus values. 
The E values estimated in the present study 
indicates a good correlation at Law Loads with 
literature. At high Load levels, E values are 
not available for comparison purposes. However, 
the experiments conducted by Evans and Lissner 
indicate a E value of 150-225 MI’s near failure 
for Thorscolumbsr spine (T12-L5) motion segments 
(Evans and Lissner, 1961). This agrees closely 
with present peak value of 240 MPs. 
2 I 1 I ‘ I 8 . 
X DISTANCE 
FIG. 6. Principal stresses in the endplate. 
Load Levels are according to Fig. 2.x distance 
refers to the radial distance from the mid- 
ssgittsl plane. 
The share of the cortical shell in carrying the 
compressive Load varies from 20-32X depending on 
the Load level. This compares favorably with the 
results of Rockoff et al, 1969, who reported that 
when the ash content of the vertebrae is less than 
59X, a maximum of 40% of the Load is taken up the 
cortex. However) other studies have demonstrated 
a value of 45-75X of the total load to the share 
of the cortical shell in direct compression 
(Yockoo, 1952). The apparent discrepancy with 
this range may be due to the drastic change in the 
modulus between the cortical (E-15800 HPs) and 
csncellous bone (E=73.5 HPs) end geometrical 
variations in the model analysis. 
The principal stress distributions in the endplate 
is shown in Figure 6 at various Load Levels. As 
expected, a fairly uniform distribution has 
resulted. Horst and Brinckmsnn measured uniform 
axial stresses in the endplate of the vertebral 
body vhich supplements this finding (Horst and 
Brinckmsnn, 1981). 
Figure 7 shows the strain energy distribution in 
the snnulus and the endplate of the structure and 
Figure 8 shows the nucleus pressure distribution 
at the four regions as a function of load level. 
DEFLECTION (mm) 
FIG. 7. Strain energy distributions in the 
snnulus and endplate. 
DEFLECTION (mm) 
FIG. 8. lntrsdiscsl (nucleus) pressure raise 
distribution. 
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The disc absorbs about 84% of the total strain 
energy in the ambient range snd the gradually 
decrease to about 65% at the traumatic range. 
The endplates respond to the insult with a 
gradual raise of strain energy and at the 
traumatic range it absorbs about 15% of the total 
energy. This indicates that in the initial 
stages, the annulus fibrosus of the disc beivg 
the most deformable element in the structure can 
support a proportionally larger share of the 
insult. With the increase of external load and 
gradual yielding of the ennulus fibers, the bony 
elements also take their share of the insult and 
at the limit state of the structure (P,), they 
respond with 35% of the total strain energy. The 
nucleus pressure gradually raises a non-linear 
manner with the insult to 11 MPa at the threshold 
of injury. 
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